The distance of the Virgo cluster is derived in the B band from the 21 cm-line width-absolute magnitude relation. The latter is calibrated using 18 spirals with Cepheid distances mainly from HST. The calibration is applied to a complete sample of non-peculiar spirals with i > 45 • and lying within the optical (n=49) or X-ray (n=35) contour of the cluster, resulting in a mean cluster distance of (m − M ) 0 = 31. m 58 ± 0. m 24 (external error) or 20.7 ± 2.4 Mpc. The mean distance of subcluster A is 0. m 46 ± 0. m 18 smaller than that of subcluster B, but the individual distances of the members of the two substructures show considerable overlap. Cluster spirals with 30 • < i < 45 • yield almost as good distances as more inclined galaxies. H I-truncated galaxies are overluminous by 0. m 8 at a given line width. The distance modulus is corrected by −0. m 07 for the fact that cluster members have lower H I-surface fluxes and are redder in (B − I) at a given line width than the (field) calibrators. Different sources of the B magnitudes and line widths have little effect on the resulting distance. Different precepts for the internal-absorption correction change the result by no more than ±0. m 17. The individual distances of the cluster members do not show any dependence on recession velocity, inclination, Hubble type or line width. The dependence on apparent magnitude reflects the considerable depth effect of the cluster. The adopted distance is in good agreement with independent distance determinations of the cluster.
suggested 21 cm line widths to be used as a measure of the rotational velocity and hence of the galaxy luminosity. The ensuing 21 cm-line width-absolute magnitude relation of the form M = a log w + b
is now known as "Tully-Fisher"(TF) relation (Tully & Fisher 1977) .
The first application of the TF method to the Virgo cluster gave a distance modulus of (m − M ) = 31.70 ± 0.08 (Sandage & Tammann 1976) . This relatively large value was confirmed by Kraan-Korteweg, Cameron & Tammann (1988) and, after correction of the distances of the local calibrators, by Fouqué et al. (1990) using a complete cluster sample. Incomplete cluster samples, however, have consistently given significantly smaller TF distances (Aaronson, Huchra, & Mould 1979 , Pierce & Tully 1988 . This is now understood as the result of the Teerikorpi cluster effect (Teerikorpi 1984 (Teerikorpi , 1987 (Teerikorpi , 1990 (Teerikorpi , 1993 Sandage, Tammann & Federspiel 1995) , which always leads to too small distances if an incomplete set of cluster galaxies is used to define the slope of the TF relation (cf. Fig. 13 below) or of any other relation between an observational parameter and the absolute magnitude in the presence of intrinsic scatter.
Justification for a re-examination of the TF distance comes from several facts. (1) The calibration of the TF relation can now be based on an unprecedended sample of spiral galaxies with Cepheid distances mainly from HST, and a complete sample of cluster spirals can now objectively be selected from optical as well as X-ray surveys (Sects. 2 and 5.3). (2) The resulting zero-point of the TF relation is firm (Sect. 2.1) and the mean distance of a complete sample of 49 inclined Virgo spirals carries a correspondingly small systematic and statistical error (Sect. 5). Largely independent data sets and different correction procedures allow an assessment of the influence of varying the input parameters (Sect. 6). Several tests (Sect. 7) are used to demonstrate the internal consistency of the individual galaxy distances. In Sect. 8 we investigate the difference between the calibrators and the Virgo spirals in H I surface brightness and (B − I) color and its effect on the derived distances. The spatial structure of the Virgo cluster as outlined by the TF distances is illustrated in Sec. 9. The discussion in Sect. 10 compares the results with external data. The conclusion with respect to H 0 are presented in Sect. 11.
Sample Selection

Calibrators
During the last few years the number of galaxies with Cepheid distances has been growing significantly due to the capabilities of the Hubble Space Telescope. For the first time there are enough galaxies with Cepheid distances for a reliable calibration of the TF relation. We use 18 spirals of Hubble types T = 2 to 5 of which 12 have Cepheid distances determined with HST, and 4 have ground-based Cepheid distances set out later in Table 2 . Two late-type members (T = 7) of the tight M 101 group (NGC 5204 and NGC 5585) without individual Cepheid distance were added to extend the range of Hubble types of the sample. These two galaxies were assigned the HST-Cepheid distance of M 101. We consider the M 81 and the Sculptor group to be too spread in distance and do not include members of these groups without individual Cepheid distances. NGC 4496A, which has a Cepheid distance (Saha et al. 1996a) , is not used because its total magnitude is disturbed by NGC 4496B.
The zeropoint of the P-L relation of Madore & Freedman (1991) which we have used rests on the assumption that the true distance modulus of LMC is (m − M ) 0 = 18. m 50. Eleven distance determinations based on geometrical, physical and astronomical zeropoints give consistently (m − M ) 0 = 18. m 56 ± 0. m 03 shown in Table 1 . If this value is taken at face value, the derived Virgo cluster modulus would increase by 0. m 06 ± 0. m 03, and H 0 would be decreased by ∼ 3% from the value we derive in Sect. 11. In addition, the majority of the Cepheid distances of the calibrators in Table 2 are taken from the original literature, i. e. they are not corrected for the long-exposure effect of the WFPC2 (Saha et al. 1996b; Hill et al. 1997 ). This effect would increase the Cepheid distances of several galaxies by another 0. m 05 and decrease H 0 by another ∼ 2%. On the other hand Tanvir (1997) has pointed out a slight inconsistency of the I magnitudes used by Madore & Freedman (1991) affecting the Cepheid distances determined from V and I magnitudes with HST. He proposes H 0 to be larger by 5% for this effect; since 13 out of 18 calibrators in Table 2 depend on V and I data from HST this causes a 3-4% increase of the adopted value of H 0 in Sect. 11. This should approximately be balanced by a somewhat higher LMC modulus in Table 1 and the long-exposure effect. In addition there is at least the suspicion that HST photometry in crowded fields gives too bright magnitudes (Sodemann & Thomson 1997) ; for the relevant Cepheids the effect is estimated to be ∼ 0. m 05 which leads to a corresponding underestimate of the distances .
In a preprint C.S. Kochanek (1997) has calculated Cepheid distances of 15 galaxies relative to LMC [again assumed to be at (m − M ) 0 = 18. m 50] by combining all available multi-color Cepheid data and assuming that they are strictly on a homogeneous photometric system and have equal weight. Actually, the mean V and I magnitudes from HST, for instance, have grossly different errors, because the former are based on a sufficient number of observations, but the latter only on a bare minimum. Moreover, the I magnitudes are measured against stronger background effects. If a period-luminosity-color (PLC) relation is used, as the author proposes, the necessarily large errors in (V − I) or any other color are multiplied by the coefficient of the color term of roughly 2.5 (depending on wavelength). A yet more fundamental objection against the simple ansatz of a PLC relation has since been raised by Saio & Gautschy (1997) who find a strong variation of the slope of the constant-period lines depending on the period. Kochanek offers four different model solutions for the distance moduli, none of which is fully self-consistent. His solutions make the calibration in eq. (3) 0. m 14 fainter on average. Yet we see no merit in these solutions.
It remains the question of the metallicity dependence of the Cepheid distances. Important effects have been proposed (e.g. Sasselov et al. 1997; Beaulieu & Sasselov 1996; Sekiguchi & Fukugita 1997) . On the other hand Madore & Freedman (1991) and Böhm-Vitense (1997) have given observational evidence against a metallicity dependence. The most direct observational evidence comes from the metal-rich Galactic and the metal-deficient LMC Cepheids; the former as calibrators yield an LMC Cepheid distance in agreement with evidence that is independent of Cepheids (Table 1) . Also Di Benedetto (1997) has derived Cepheid distances including the metal poor SMC, and has obtained fully consistent results independent of wavelength. The question comes now to rest with fully theoretical treatments of stellar evolution coupled with pulsational theory indicating that the dependence of M bol on log P is surprisingly insensitive to metallicity (Stothers 1988; Chiosi, Wood, & Capitanio 1993; Sandage 1996c; Saio & Gautschy 1997) . Allowing for the metal dependence of the bolometric correction introduces at a given log P a variation of M V and of < 0. m 1 over the relevant metallicity range.
The slope of the P-L relation of LMC is quite well determined in different wavelengths (Madore & Freedman 1991) . Any remaining uncertainties of the slope have a minute effect on the derived distances. The period range of the Cepheids used for the calibrators in Table 2 is sufficient to minimize selection effects (Sandage 1988) ; in any case they can only lead to an underestimation of the distances.
For these reasons it appears that any systematic errors of the Cepheid distances of the calibrators in Table 2 are below 0. m 10.
Virgo spiral galaxies
The Virgo Cluster Catalogue (VCC; Binggeli, Sandage, & Tammann 1985) is the main base from which we selected the different samples of Virgo spirals. The present investigation is restricted to Hubble types 2 to 8 (Sab to Sdm), because none of the calibrators is of type 1 (Sa), and because late-type galaxies (type 9 and 10) have exceptionally uncertain inclinations i. The VCC contains 151 spirals of types 2 to 8 with v 0 < 2600 km s −1 . Of these 98 (123) have i > 45 • (30 • ), generally considered to be a necessary condition to confine the inclination corrections of the observed line width. Binggeli, Popescu, & Tammann (1993) assigned memberships in subgroups to many of the VCC galaxies. 34 "normal" spirals with i > 45 • in the notation of Binggeli et al. (1993) belong to subgroup "big A" around M 87, 15 are members of subgroup "B (r = 2.4 • )", i.e. they lie within 2.4 • of M 49. The corresponding numbers for galaxies with i > 30 • are 48 and 19, respectively. For these galaxies photometric as well as H I data are available from different sources. We define these 34 "inner" spirals of A and the 15 "inner" spirals of B with i > 45 • as our "fiducial sample". The qualification "normal" is to mean that they are not classified as "peculiar" (Binggeli et al. 1985 ) and that they are not H I-truncated (Guhathakurta et al. 1988) . The "fiducial sample" is identified in Table 3 . The 5 H I-truncated and the 2 (5) peculiar spirals with i > 45 • (30 • ) are listed next in Table 3 . Also listed are the 15 spirals which fall within the X-ray contours of the cluster but outside of A and B. All spirals of the "fiducial sample" are considered to be members of the Virgo cluster. This assignment will be tested below. Finally, Table 3 contains 41 galaxies which lie outside A and B and outside the X-ray contours.
Of these 15 lie outside the field of the VCC and were added from other Virgo samples (Fouqué et al. 1990; Kraan-Korteweg et al. 1988; Pierce and Tully 1988) . The projected positions of all the 103 non-peculiar spirals with i > 45 • is shown in Fig. 1 .
Observational Data
Calibrators
The observational parameters of the calibrators and their sources are given in Table 2 . The columns have the following meaning:
1. name in the NGC catalogue 2. Hubble type as given by the RSA (Sandage & Tammann 1987) et al. (1996b) 4 Sakai et al. (1996) 5 Freedman & Madore (1994) 6 Graham et al. (1996) 7 Tanvir et al. (1995) 8 Macri et al. (1996) 9 Ferrarese et al. (1996) 10 Saha et al. (1996b) 11 12 Kelson (1996) 13 Hughes (1996) 8. absolute B magnitude calculated from (3) and (6) 9. adopted error in the absolute magnitude [combined from the respective errors of the distance modulus as listed in the original source, an assumed error of 0. m 1 in the photometry and and assumed error of 0.2(A i + A 0 )] 10. inclination calculated from log R 25 as listed in the RC3 following Fouqué et al. (1990) ; * adopted inclinations are i = 29 • for N 4321 (mean from Grosbøl 1985 , Warmels 1988 , Arsenault et al. 1988 , Pierce 1994 ) and i = 22 • for N 5457 (mean from Rogstad & Shostak 1972 , Comte, Monnet, & Rosado 1979 , Bosma, Goss, & Allen 1981 , Pierce 1994 11. log H I line width read at the 20% level, corrected for inclination and turbulent motions and motions in z-direction (in most cases copied from Huchtmeier & Richter 1988 12. log H I linewidth read at the 20% level, corrected for inclination and turbulent motions and motions in z-direction, calculated from w 20 given by LEDA. Inclinations for the edge-on corrections were taken from column (9) and the correction for turbulent motion and the motion in z-direction was calculated following Huchtmeier & Richter (1989) .
13
. uncertainty in log H I linewidth composed of the assumed uncertainties of the measured linewidth w 20 and the inclination of column (10), i.e. 10 km s −1 and 5 • , respectively.
Virgo spiral galaxies
The data for the Virgo sample galaxies are listed in Table 3 . The columns have the following meaning:
1. Name as listed in one of the following catalogs: NGC (N), IC (I), UGC (U), VCC (V), ZWG
2. Virgo subgroup membership as assigned by Binggeli et al. (1993) ; Y means that the galaxy does not lie in VCC field but is included in the samples of other authors; spirals with code Z are not assigned a subgroup membership; X means member of the X-ray sample (the projected position is within the defining X-ray isophote; cf. Sect. 5.3)
3. Hubble type as listed in the VCC on the scheme of the RC3 4. total apparent B T magnitude from RC3, corrected for internal and Galactic absorption as given in columns (6) and (8) 5. uncertainty in B 0,i T composed of the assumed errors of the photometry and of the internal and Galactic absorption corrections, i. e. 0. m 1 and 0.2(A i + A 0 ), respectively; for the fit of the TF relation we assume in addition an uncertainty of 0. m 2 to make some allowance for the depth effect of the cluster.
6. correction for internal absorption calculated for the Hubble type listed in column (3) and log R 25 as given in the RC3 following the RC3 scheme 7. correction for internal absorption as given in the RSA 8. A 0 correction for Galactic absorption as given in the RC3 [based on the maps of Burstein & Heiles (1984)] 9. inclination calculated from log R 25 as listed in the RC3 following the recipe of Fouqué et al. (1990) 10. log H I line width read at the 20% level, corrected for inclination and turbulent motions and motions in z-direction, taken from Huchtmeier and Richter (1989) . An asterisk denotes the cases where log w had to be calculated from w 20 listed in the RC3. Two asterisks indicate those cases where log w was computed from w 20 given by Hoffman et al. (1987 Hoffman et al. ( , 1989 ). Cases for which no H I data were available are marked with a dagger.
11. log H I line width read at the 20% level, corrected for inclination and turbulent motions and motions in z-direction, calculated from w 20 given by LEDA. Inclinations were taken from column (9) and the correction for turbulent motion and the motion in z-direction was calculated following Huchtmeier & Richer (1989) . 12. uncertainty in log H I linewidth composed of the assumed uncertainties of the measured linewidth w 20 and the inclination of column (9), i.e. 10 km s −1 and 5 • , respectively.
The calibrated Tully-Fisher relation
A first solution of the calibration of the Tully-Fisher relation was obtained by fitting a straight line to the absolute magnitudes (as the dependent variable) and line widths (as the independent variable) of the calibrators listed in Table 2 , columns (8) and (12). Each calibrator was weighted with its estimated error of M B (column 9 of Table 2 ). The result of this free fit is:
A second solution is presented taking the errors in magnitude and line width into account. This is achieved by dropping slanted lines with slope ǫ y /ǫ x onto a regression line and demanding a least squares minimalization (cf. Seares 1944) . For this the BCES (Bivariate Correlated measurement Errors and intrinsic Scatter) algorithm of Akritas, Bershady & Bird (1996) is used. The adopted errors on both axes are taken from columns (9) and (13) of Table 2 and from columns (5) and (12) in Table 3 . Since the slope of the TF relation is determined much better by including the 49 members of the "fiducial Virgo sample" described in Sect. 2.2 we combine the sample of the calibrators with the Virgo sample assuming different distance moduli and search for that solution which gives a minimum value of the merit function χ 2 .
We obtain the following relation which is illustrated in Fig. 2 :
The slope of eq. (3) is somewhat steeper than the slope of eq. (2), a consequence of now including the errors in log w.
We adopt eq. (3) as our reference and discuss the influence of different input parameters in Sect. 6. The effect of the remaining uncertainty of the slope is discussed in Sect. 10.
It is of some theoretical interest to determine the intrinsic scatter of the TF relation. Taking the observed magnitude scatter about eq. (3) of σ M = 0. m 44 from the calibrator sample and subtracting the typical error in M of the calibrators, i.e. 0. m 25, and the error introduced by the mean adopted errors in line width, which translate to σ M(w) = 0. m 28, gives an intrinsic scatter of σ M = 0. m 23. In the presence of unavoidable errors of the input parameters this value is, of course, meaningless for practical applications.
The Virgo cluster distance
In this section the TF distances to different Virgo samples are discussed.
A first approximation
The direct TF relation allowing only for errors in magnitude [ Table 3 , columns (4) and (5) 
and combined with eq. (2) gives a distance modulus of (m − M ) = 31. m 62 ± 0. m 08. We prefer, however, the solution which takes into account the errors in magnitude and line width. In this case a χ 2 method (cf. Sect. 4) gives
The data were weighted with their individual errors in magnitude and line width. This value is further discussed in Sects. 6.5 and 8. The finally adopted value and its error are given in Sect. 10.
If the spirals in Fig. 3 are subdivided into subclusters A and B a significant distance difference of ∆(m − M ) = 0. m 46 ± 0. m 18 emerges (cf. Schröder 1996) . This raises several problems. The distance difference is small enough and the distance overlap between individual galaxies so pronounced (cf. Figs. 11 and 12 below) that the two subgroups must be gravitationally bound as is also shown by their common X-ray contour (cf. Fig. 4 below) . Moreover, the distance difference is not confirmed by other relative distance indicators. D n − σ data (Faber et al. 1989) for 11 galaxies in A in B suggest A to be more distant than B by 0. m 05 ± 0. m 36; two blue SNe Ia and one in B give ∆(m − M ) = +0. m 55± ∼ 0. m 3 again in the sense of A being more distant. The apparent magnitude of NGC 4472 (M 49), the brightest galaxy in B, is already brighter than that of NGC 4486 (M 87) in subgroup A which has all the properties expected of a brightest cluster galaxy; if B is assumed to be more distant than A the absolute magnitude of NGC 4472 becomes excessively bright as compared to NGC 4486. Not attempting here to understand the complex spatial structure of the cluster, we must adopt for practical reasons a mean distance of the spirals in subgroup A and B because all previous workers in the field have done so. In particular, the Hubble diagram with cluster distances relative to the Virgo cluster ( Fig. 14 below) is based on the entire Virgo sample.
The "fiducial sample" contains only galaxies with inclinations > 45 • to avoid possibly large errors in the calculation of true line widths from the observed line widths. If an inclination limit of i > 30 • is admitted instead of i > 45 • , the sample is increased from 49 to 67 "normal" members in subgroups A and B. This increased sample gives instead of eq. (5) (m − M ) = 31. m 48 ± 0. m 07.
The TF slope of the combined samples (Virgo [i > 30 • ] and calibrators) is −7.15. The effect of the less inclined galaxies on the distance modulus is surprisingly small.
The Virgo cluster modulus is further discussed in the following subsections and in Sect. 6.
The influence of H I-truncated and peculiar galaxies on the TF distance
There are five galaxies in subgroup A which have an unusually small H I disk (Guhathakurta et al. 1988 ). These galaxies were excluded from the "fiducial sample". If the H I-stripped objects listed in Table 3 were included into the calculation of the TF distance of the fiducial sample one would obtain (m−M ) = 31. m 43±0. m 09. To show the effect even more drastically: the mean distance of the H I-stripped galaxies alone with the calibration of eq. (3) is (m − M ) = 30. m 81 ± 0. m 24. Figure 3 shows that the H I-truncated galaxies are ∼ 0. m 8 too luminous for their line width. We conclude that it is not appropriate to use H I-truncated galaxies in the TF relation. Distances to samples with H I truncated galaxies are underestimated.
The same conclusion holds for the two galaxies of the fiducial sample which are classified as peculiar or interacting from their morphological appearance. With a mean (m−M ) = 31. m 14±0. m 21 they also tend to give too small distances. They were therefore excluded from our analysis.
The distance of the Virgo X-ray sample
The diffuse X-ray emission of the hot gas in the Virgo cluster has been measured by ROSAT (Böhringer et al. 1994) . We use the X-ray boundary, i.e. the isophote with 0.444 counts s −1 arcmin −1 as an independent mean to define the cluster population (Fig. 4 ). There are 42 galaxies with i > 45 • within the defining X-ray contours (H I-truncated and peculiar objects omitted). The fact that the south-east side of the X-ray contour is disturbed by the Galactic North Polar Spur has only negligible effect on the sample selection.
Combining both the calibrator and the X-ray samples and taking errors both in magnitudes and log w into account gives a TF slope of −6.55, which is slightly but insignificantly shallower than that found in eq. (3). The distance modulus of the X-ray sample corresponding to this solution is
The distance is 0. m 55 larger than the distance of the optically selected "fiducial sample". The difference is partly due to the seven galaxies in the X-ray sample which are assigned to the W and W' cloud (lying in or near the lower right "peninsula" of the defining X-ray isophote in Fig. 4 ). The latter have a mean recession velocity of v LG = 1645 km s −1 and give a TF distance modulus of (m − M ) = 32. m 58 ± 0. m 20. The X-ray sample without these seven galaxies yields
Even after exclusion of the seven galaxies the distance modulus is relatively high. The reason is the shallower slope of the TF relation of the X-ray sample as compared to the fiducial sample. Shallower slopes always tend to increase the distance.
5.4. The distances of Virgo galaxies outside the "fiducial sample" and outside the X-ray sample
If the adopted TF relation (eq. 3) is applied to the 38 galaxies of Table 3 which are not members of the fiducial sample or the X-ray sample, one obtains a large mean distance modulus of (m − M ) = 31. m 85 with a large dispersion of σ (m−M ) = 1. m 05. Indeed, Binggeli et al. (1993) assigned some of these outlying members to the M, W, W' or S clouds, which appear to be in the background for morphological and other reasons.
The individual TF distances of the outlying galaxies are plotted versus recession velocity in Fig. 5 . The qualitative difference to Fig. 6 below is obvious. Some nearby and several distant galaxies are probably not cluster members. They seem to partake in the (nearly) free expansion field.
The influence of different data sources on the TF distance of the Virgo cluster
The influence of different input parameters on the distance of the Virgo cluster is now investigated.
Using alternative B magnitudes
The distance of the Virgo cluster does not change when magnitudes from different sources are used. Replacing the B T magnitudes in Table 3 , column 4 by those of Schröder (1996) , but keeping the RC3 corrections, increases the distance modulus by only 0. m 04. Using instead the magnitudes of of Yasuda, Fukugita, & Okamura (YFO 1997) , again with the RC3 corrections, gives a very similar modulus of (m − M ) = 31. m 49 for the fiducial sample.
Using an alternative set of line widths
Huchtmeier & Richter (1988, 1989) have published H I data for nearby galaxies and galaxies in the Virgo cluster. Their line widths can be used as an alternative data set to the w 20 data of the Lyon Extragalactic Data Base (LEDA). The two sets of w 20 line widths usually are in good agreement, although there is an average systematic offset of +6 km s −1 , the Huchtmeier & Richter values being larger. Using the fully reduced Huchtmeier & Richter data for the calibrators as well as for the Virgo spirals gives the same distance within 0. m 09 as eq. (5). However, the dispersion of the TF relations for both the calibrators and the Virgo galaxies is slightly enlarged (Table 4 , solution 2).
Using an alternative scheme for internal absorption
So far the corrections for internal absorption were taken from the RC3. Alternative precepts to determine the internal-absorption corrections are given in the RSA (Sandage & Tammann 1987) . The main difference is that the RC3 corrects the magnitudes to face-on orientation, while the RSA allows for the total internal absorption. In addition the RSA corrections have a somewhat stronger dependence on Hubble type. As seen from Table 4 for solutions 5 and 6, the internal absorption corrections of the RSA lead to a slightly steeper slope of the TF relation and to an insignificantly larger scatter. Also the Virgo modulus is ∼ 0. m 17 larger. However, the individual TF distances are equally consistent as those with the RC3 correction, i. e. they do not correlate significantly with Hubble type, line-width, nor inclination (cf. Sect. 7). The modulus difference between subclusters A and B remains at 0. m 46.
It has often been proposed to use infrared magnitudes for the TF relation to circumvent the relatively large intrinsic-absorption corrections in B. However, the absorption in the I-band is still much larger than a 1/λ-law would suggest (Schröder 1996; Giovanelli et al. 1994) . Moreover, the modest advantage of the smaller absorption is offset by the steeper slope of the I-band TF relation (for a discussion cf. Schröder 1996).
Corrections for Galactic absorption
Since the Galactic latitude of the Virgo cluster is 60 • < b < 80 • the influence of Galactic absorption is small or negligible. Maps of the H I column density indicate that the Galactic absorption is not zero for all Virgo cluster galaxies but varies between 0. m 00 and 0. m 16 (Burstein & Heiles, 1984) . These corrections, as listed in the RC3 and whose mean value is only 0. m 05, have been applied to all galaxies in Table 2 and 3. If, instead, one assumes A 0 = 0 for the Virgo galaxies, the slope of the TF relation is not changed within the error limits; the dispersion becomes insignificantly smaller (Table 4 , solution 8).
The effect of different input parameters
The solutions 1-8 in Table 4 (column 8) give an overview how the Virgo cluster modulus varies as different sources of the magnitudes, line widths, and internal absorptions are used. Also shown is the effect of increasing the sample of spirals with i > 45 • by those with 30 • < i < 45 • and by replacing the optically selected fiducial sample by the members within the X-ray contour. Finally in solution 8 the small effect of assuming zero Galactic absorption for the cluster members is shown.
The resulting Virgo cluster moduli in column 8 span a range of 31. m 48 to 32. m 00. There is no objective way to discriminate between the different solutions. We therefore take a straight mean over the solutions 1-7 and obtain
Testing the internal consistency of the results
Several tests are performed to check the internal consistency of the derived TF distances. Without loss of generality we consider here only the TF distances of solution 1 in Table 4 .
The individual distance moduli are shown in Fig. 6 as a function of redshift. There is no significant correlation between the TF distance and the recession velocity. From Fig. 6 one could argue that the five galaxies with redshifts larger than the gap at v LG ∼ 1700 km s −1 do not belong to the cluster. However, the gap is a fluke of small sample statistics, because it does not appear in the velocity distribution of all Virgo members (Binggeli et al. 1993) . Moreover the high-velocity galaxies have closely the same mean TF distance as the rest of the fiducial sample. There is no objective argument to exclude any galaxy in Fig. 6 from cluster membership. The only statistically significant effect is the dichotomy between subclusters A and B as discussed in Sect. 5.1. Figure 7 shows the individual TF distances plotted against inclination. Any systematic error of the inclinations affects both the corrected line widths and the corrections for internal absorption and translates into a dependency of the TF distances on inclination. However, no such trend exists, not even for the spirals with 30
Similarily we do not find a dependence of the TF distances on the Hubble type (Fig. 8) . This would have been the case if the corrections for internal absorptions, which are a function of the Hubble type, were systematically wrong or if the TF relation was significantly different for different Hubble types. (The question whether TF distances depend on Hubble type is largely determined by the internal-absorption correction used.)
As a next test we show a plot of the individual TF distances as a function of line width (Fig. 9) . The obtained distances do not depend on the line width which must be the case if the slope of the TF relation has been determined correctly.
In Fig. 10 there is a trend of galaxies becoming fainter with increasing TF distances. This can most naturally be explained by the cluster depth effect. If the galaxies are randomly distributed in the cluster as to absolute magnitude M B , then the nearer galaxies must be apparently brighter. A least square fit through the data gives (m − M ) = (0.12 ± 0.06)m B + 29. m 95. This implies that the cluster has an effective depth of ±0. m 4 as outlined by the spirals of the five-magnitude interval 10 m < m B < 15 m .
The eight galaxies fainter than 14 m , which all seem to lie on the far side of groups A and B respectively, do not show an unusual behaviour in the correlation of the parameters in Figs. 6-9. Two of the eight galaxies, i.e. NGC 4353 and IC 3298, have particulary large TF distance moduli of (m − M ) ≈ 32. m 6. In spite of this NGC 4353 must be assigned to the cluster with a recession velocity of only v LG = 982 km s −1 . It is therefore arbitrary to exclude any galaxy of the fiducial sample from cluster membership only on the basis of its large TF distance. Therefore, there is also no rational reason to exclude IC 3298 (v LG = 2355 km s −1 ) from the cluster.
Systematic differences between calibrators and Virgo spirals
The Virgo cluster distance depends on the assumption that field and cluster galaxies obey the same TF relation. This assumption can now be tested with the complete UBVRI photometry of Schröder (1996) . It turns out that the cluster galaxies are redder in (B − I) (corrected for internal and Galactic reddening) at a given line width than the 18 calibrators which are predominantly field galaxies. This means that the TF relation cannot be the same for the two sets of galaxies in all wavelengths. The cluster galaxies are also more H I-deficient than the calibrators. The hydrogen deficiency D H I is here defined following YFO (1997) , whereby the color residuals ∆(B − I) at fixed line width correlate well with D H I . The dependency of the individual TF distances on ∆(B − I) and D H I are shown by Schröder & Tammann (1996) for five different passbands. Tammann & Federspiel (1997) have argued that the best Virgo distance is obtained by averaging over all color and D H I -corrected UBVRI moduli. The result is that the straight TF modulus in B is 0. m 07 ± 0. m 02 larger than the mean of all corrected moduli. We apply this correction to eq. (9) to obtain the finally adopted Virgo modulus of
where the error is taken from eq. (9).
It may be noted in passing that the TF modulus in V seems least sensitive to the cluster effect and that the uncorrected TF modulus in I is 0. m 09 too small (Schröder & Tammann 1996) .
9. The three-dimensional structure of the Virgo cluster from TF data Individual Tully-Fisher distances are reliable enough that they can be used to cautiously explore the three-dimensional structure of the Virgo cluster. Figure 11 shows a visualisation of the spatial distribution of the members of subgroups A and B as well as of the calibrators that belong to the Virgo cluster. All distances given in this section are based on Table 4 , solution 1. The x-y plane is perpendicular to the line-of-sight from the Sun to M 87, i.e. it is a tangent plane to the celestial sphere. The spherical coordinates were transformed into linear coordinates at the distance of the individual galaxies. Since the distance moduli obtained from the TF relation are a logarithmic measure, the z axis is logarithmic (log distance in Mpc). A typical error of an individual distance of the order of the scatter of the TF relation [0. m 6 in (m − M )] corresponds to an uncertainty of 0.1 in z on the line of sight to M 87.
The calibrators among the Virgo galaxies and NGC 4496A are shown as crosses at their respective Cepheid distance. Three of them (N4321, N4496A, and N4536) are among the dozen closest Virgo galaxies, whereas N4639 is on the far side of subcluster A. These four galaxies with known Cepheids provide a check on the accuracy of about 0. m 45 of the individual TF distances (cf. Table 5 ).
From the apparent angular size and the depths calculated from the TF distances (deconvolved with the intrinsic dispersion of about 0. m 40 of the TF relation) we derive a linear diameter-to-depth ratio for subcluster A of about 1:1.5. Figure 12 emphasizes that subcluster B on average lies at a greater distance than subcluster A (0. m 46 ± 0. m 18 in the distance modulus). B appears rather elongated in depth although it is quite compact in the projection on the celestial sphere. The diameter-to-depth ratio for B is about 1:5. The ratios may be somewhat smaller if we have underestimated the distance errors.
Discussion
The error of the adopted TF modulus of the Virgo cluster in eq. (10) reflects only the random error. Systematic error sources are listed in Table 6 .
Remarks to Table 6 are as follows. The zeropoint error of the P-L relation has been discussed in Sect. 2.1. Forcing extreme slopes of −7.50 and −6.50 on the TF relation of the fiducial sample and the calibrating galaxies changes the distance modulus by ±0. m 10. Different precepts of weighting the data of the calibrators and Virgo spirals can influence the modulus by 0. m 08. Giving higher weight to the X-ray sample or omitting it altogether could change the adopted distance modulus by 0. m 1 at most. Taking the input B magnitudes and/or line widths w from different sources has essentially no effect on the Virgo distance (Sects. 6.1. and 6.2.); but different precepts of the internal-absorption correction affect the modulus by ±0. m 10 ( Table 4 , solutions 1-3 versus 5-7). Different properties of the calibrators and the cluster galaxies have been accounted for by excluding the truncated cluster galaxies and by applying a mean correction for differences in (B − I) and D H I (Sect. 8); the remaining maximum error is estimated to be ±0. m 05. The calibrators are systematically less inclined ( i = 55 • ) than the cluster galaxies ( i = 72 • ). Consequently the mean RC3 correction for internal absorption is A i = 0. m 34 for the former and A i = 0. m 66 for the latter. Yet the two samples become more similar if the fiducial sample is increased by the cluster galaxies with 30 • < i < 45 • . In that case the cluster sample has i = 62 • and A i = 0. m 45 without changing the cluster modulus by more than 0. m 03 (Table 4 , solutions 3 and 7). Moreover the individual TF distances are independent of inclination ( Fig. 7) , which would not be the case if the internal absorption corrections were inadequate. The conclusion is that the internal absorption corrections introduce a systematic error of not more than 0. m 05.
Summing the errors in quadrature in Table 6 gives an external error of ±0. m 23. Adding this in quadrature to the internal error in eq. (10) 
or r Virgo = 20.7 ± 2.4 Mpc.
The decisive element of the present distance determination of the Virgo cluster is that a complete sample has been used. It is fortunate that low-luminosity spirals do not exist, and that the Virgo Cluster Catalog (VCC; Binggeli et al. 1985) goes much fainter than the faintest spirals. The faintest galaxies in that catalog are of morphological types Im and dE, well fainter than the absolute magnitude limit of the TF calibrators of Table 2 and Fig. 2 . The sample studied here is therefore indeed complete for spirals. The importance of completeness is illustrated in Fig. 13 , where the fiducial sample is cut by different magnitude cutoffs. The brighter the cutoff is the smaller is the distance modulus even for complete flux-limited samples (cf. Teerikorpi 1987). Giovanelli et al. (1997a, b) have given TF data for inclined spirals in 24 clusters. There are 23 galaxies per cluster on average which reach ∼ 3. m 8 into the luminosity function on average. This would be barely sufficient to derive an unbiased distance from a complete sample (Fig. 13) . However, the cluster samples are admittably incomplete at all levels but particularly at the fainter magnitudes. The authors derive excellent relative cluster distances as seen in Fig. 14 below, due to a very careful modelling of the cluster incompleteness. They have also attempted to obtain an absolute calibration by fitting the cluster data to the local distance-limited calibrators and suggest H 0 = 69 ± 5 (Giovanelli et al. 1997c) . Clearly this latter step is much more sensitive to the bias model than the relative distances. If the authors had used the Virgo cluster distance of eq. (11) they would have obtained from their cluster data H 0 = 57 as below in eq. (15). Vice versa their value of H 0 = 69 would require (m − M ) Virgo = 31. m 17 which we deem to to be highly improbable.
In a recent application of the TF method to the Virgo cluster YFO (1997) have analyzed a less restrictive sample of 108 inclined Virgo spirals and irregulars. Their mean distance is (m − M ) = 31. m 81 with a large scatter of σ (m−M ) = 0. m 93. Restricting the sample to the 63 galaxies with δ > 10.5 • -which roughly corresponds to subcluster A -yields (m − M ) = 31. m 62 with σ (m−M ) = 1. m 00. These moduli are somewhat larger than those of the fiducial sample and subcluster A, respectively, from above. The scatter of the latter solutions is significantly less. Moreover YFO did not correct the line widths for turbulence, resulting in a quite steep TF relation which leads to a significant dependence of the individual distances on the corrected line widths. The extremely low cluster modulus of (m − M ) = 31. m 09 finally adopted by YFO for the M 87 subcluster was achieved by confining their sample to only galaxies with δ > 10.5 • and by excluding 21 spirals with (m − M ) > 32. m 0. We take exception to these artificial cuts which prevent any objective distance determination of the Virgo cluster. There is no objective reason to exclude the more distant galaxies which clearly are members. They not only perfectly fit under the distance distribution curve (cf. Fig. 12 ) but also are indistinguishable from other cluster members on the basis of both their positions within the optical and X-ray contour of the cluster in the sky and also their velocities. Shanks (1997), using both Cepheid and SN Ia distances as calibrators of the TF relation, has obtained an internally consistent zeropoint correction of +0. m 46 ± 0. m 11 to the TF distance of the Virgo cluster by Pierce & Tully (1988) , obtaining now (m − M ) Virgo = 31. m 43 ± 0. m 20. Since the Pierce & Tully sample is incomplete even this corrected distance must suffer the Teerikorpi incompleteness bias and be systematically too low (Fig. 13) .
The Virgo modulus in eq. (11) is identical within the errors with the result of five independent methods, including Cepheids, SNe Ia, globular clusters, novae, and the D n − σ method, giving 31. m 66 ± 0. m 08 .
Conclusion
H 0 from the observed, infall-corrected velocity
The Virgo cluster has been used frequently as a cosmic milestone to derive the Hubble constant from its velocity and its distance. The observed mean heliocentric velocity of the cluster is v = 1050 ± 35 km s −1 (Binggeli et al. 1993) or v LG = 922 km s −1 . This latter value must be transformed to the cosmic recession velocity that takes the Virgocentric infall of the Local Group into account. For the Virgocentric infall we adopt the value of v infall = 220 ± 50 km s −1 (Tammann & Sandage 1985) , which is in excellent agreement with v infall = 224 ± 90 km s −1 (Bureau et al. 1996) and in statistical agreement with v infall = 275 ± 90 km s −1 of Hamuy et al. (1996) ; it is further supported in Sect. 11.2. Thus the infall-corrected recession velocity of the Virgo cluster is 1142 ± 61 km s −1 . This combined with the adopted distance of the Virgo cluster (eq. 11) gives a local Hubble constant of H 0 = 55 ± 7 km s
Although the just described route to H 0 is quite common, it is surpassed by the calibration of the Hubble diagram of clusters addressed in the next section, which ties the Virgo cluster to distant clusters and leads to a value of the Hubble constant that is valid over a much larger volume.
As an exercise we consider also the effect on H 0 if the subclusters A and B are reduced separately. The data are set out in Table 7 . The mean velocity of the two aggregates corrected for an infall velocity of 220 km s −1 is taken from Binggeli et al. (1993) . The distance moduli are calculated from solutions 1-3 and 5-7 in Table 4 , but now separately for A and B. Here the X-ray sample is, by necessity, not considered. The weighted mean of H 0 = 56 ± 3 reflects only the internal error (cf. Sect. 10).
H 0 from the Hubble diagram of galaxy clusters
Cluster distances relative to the Virgo cluster are available for 17 clusters from various methods such as the Tully-Fisher (TF) method, the D n − σ relation, and first-ranked cluster galaxies (for a compilation see Jerjen & Tammann 1993) . In addition, high weight relative TF distances are available for 24 clusters from Giovanelli (1996) . The latter list does not include the Virgo cluster, but since eight clusters are in common, the two lists can be merged with a mean error of only 0.05 mag. The double cluster A 2634/66 is not used here because Giovanelli (1996) only gives a distance for A 2634. The resulting Hubble diagram (Fig. 14) contains 31 clusters with distances relative to the Virgo cluster (cf. also Table 1 of Tammann & Federspiel 1997) .
Clusters with v 0 < 3000 km s −1 are corrected for a Virgocentric infall model with a local infall velocity of 220 km s −1 . More distant clusters do not partake of the local motion with respect to the CMB. They are therefore corrected for a CMB vector of 630 km s −1 . The dividing limit of 3000 km s −1 is derived elsewhere (cf. Jerjen & Tammann 1993; Federspiel, Sandage, & Tammann 1994, Figs. 17-19; Giovanelli 1996) ; the exact choice has no effect on the following conclusions.
The ridge line in Fig. 14 is represented by
The slope of 0.2 is forced, the strongly deviating Eridanus cluster is omitted.
Simple transformation of eq. (13) gives
Inserting the distance modulus of the Virgo cluster from eq. (11) into eq. (14) gives the value of H 0 for distances as large as 11 000 km s −1 :
Note that reading eq. (13) at zero relative distance also predicts the velocity of the Virgo cluster itself in the CMB frame v CMB Virgo = 1175 ± 30 km s −1 . This is the velocity one would observe in the absence of all local peculiar or streaming velocities. Comparing this value with the actually observed cluster velocity of v LG = 922 ± 35 km s −1 , one obtains a Virgocentric infall velocity of the Local Group of v infall = 253 ± 46 km s −1 (cf. Jerjen & Tammann 1993). We take this as a confirmation of v infall = 220 ± 50 km s −1 adopted in Sect. 11.1.
It must be stressed that the determination of H 0 from eq. (14) depends only on the quality of the Virgo cluster distance and on the relative distances to other clusters, but it is totally independent of any observed or inferred velocity of that cluster .
Comparison with external values of H 0
Several authors have suggested to derive H 0 at the position of the Coma cluster (e.g. Baum et al. 1995 Baum et al. , 1996 Thomsen et al. 1997; Hjorth & Tanvir 1997 ). The result is typically H 0 ≈ 70. However, the experiment with only a single cluster is much more difficult than the route via the Virgo cluster tied to the expansion field of many clusters (Fig. 14) . The reason is, first, that comparable objects in Coma are almost four magnitudes fainter than in Virgo, and, secondly, that the velocity of Coma in the CMB frame is quite poorly known. The observed mean velocity is v LG = 6912 km s −1 (Zabludoff et al. 1993) . It is generally assumed that the cluster does not take part of the local motion relative to the CMB frame. In that case v CMB Coma = 7194 km s −1 . However, clusters have random motions (in the radial direction) of typically 450 km s −1 (Jerjen & Tammann 1993) , and Coma deviates indeed strongly from the Hubble line in Fig. 14 . If a modulus difference between Coma and Virgo of ∆(m − M ) Coma−Virgo = 3. m 72 is adopted (Dekel 1996) eq. (13) gives v CMB Coma = 6500 km s −1 . Hence the velocity uncertainty alone affects the result of H 0 by ∼ 10%.
The most direct way to derive the Hubble constant is through the Hubble diagram of supernovae of type I a (SNe I a) which is by now calibrated by seven SNe Ia with known Cepheid distances. The result of H 0 = 58 ± 8 (external error) ) is in agreement with the present result. The only interdependence of these determinations of H 0 is that two Cepheid distances used to calibrate the SNe Ia are also used in Table 2 to calibrate the TF relation.
Luminosity class distances and TF distances of field galaxies give equally consistent values of the Hubble constant, after correction of the Malmquist bias, of H 0 = 55 ± 5 (Sandage & Tammann 1975; Sandage 1996a,b and references therein; Theureau et al. 1997 ).
The conclusion is that the three independent routes through (1) the Virgo cluster, (2) SNe Ia, and (3) field galaxies all give H 0 = 55 ± 5 km s −1 Mpc −1 .
An independent way to determine extragalactic distances comes from a physical understanding of the objects considered without the necessity to use astronomical luminosity (or size) calibrators. The purely physical calibration of the P-L relation of Cepheids has already been mentioned (Sect. 2.1). For several X-ray clusters Sunyaev-Zel'dovich distances have become available. Three papers having appeared during the last months give an (unweighted) mean of H 0 = 58 ± 15 (Holzapfel et al. 1997; Lasenby & Jones 1997; Myers et al. 1997) . Rephaeli & Yankovitch (1997) have pointed out that the inclusion of relativistic effects reduces this value by ∼ 10 units. Recent H 0 determinations from variable, gravitationally lensed quasars give H 0 = 59 ± 15 (Keeton & Kochanek 1997; Kundić et al. 1997; Falco et al. 1997; Schechter et al. 1997 ). The first interpretations of the CMB fluctuation spectrum suggest even lower values (Lasenby & Jones 1997; Lineweaver 1997 ).
In the light of this evidence values of H 0 below 45 and above 65 become improbable.
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Memberships of different subgroups are denoted by different symbols. There is a clear trend: the average distance is increasing with increasing redshift. This behaviour is compatible with a free Hubble expansion (the dash-dotted line shows the cosmic expansion assuming H 0 = 57). The conclusion is that these galaxies do not belong to the inner part of the Virgo cluster where internal motions dominate the redshifts. The apparent TF distance modulus is a function of the apparent-magnitude cutoff of the sample. The asymptotic value, which is the distance of the cluster, is only reached if the sample of cluster galaxies is complete and reaches deep into the luminosity function (Sandage et al. 1995) . The dashed line is a nonparametric fit through the data points using thin plate splines and regularisation. asterisks) and Giovanelli (1996; open circles) . Nine clusters are listed in both sources (filled circles). The abscissa gives the distance modulus relative to the Virgo cluster. The ordinate is the log of the recession velocity referred to the CMB. For "local" clusters with v 0 < 3000 km s −1 the velocities are referred to the centroid of the Local Group and corrected for Virgocentric infall, following the precepts of Federspiel et al. (1994) . Fouqué et al. (1990) give i = 30
• 3 peculiar galaxy (Binggeli et al. 1985) 4 N4571: Fouqué et al. (1990) give i = 30 •   TABLE 4 Comparison of TF parameters and the TF distance to the Virgo cluster for different sets of input parameters [cf. eq. (1) 
